Recurrent fires are more frequent in the Mediterranean basin due to global climate change.
fires), and second, according to the time interval since the last fire (3 types: more than 45 years with no fire, between 45 and 15 years and 15 years or less) (Table 1 ). According to Eugenio et al. (2006) , a period of at least 15 years without a fire appears to be very important for the recovery of Pinus halepensis populations. This interval is assumed to be sufficient to favour forest succession towards oak woodlands (Gracia et al., 2002) . The fire regime "no fire for 45 years" was used as control. (ii) Vegetation patches: patch diameter measured on both North-South and East-West axes (m), mean patch height (m) and its species, Fuel characterization and effects of wildfire recurrence on vegetation structure on limestone soils in southeastern France, Forest ecology and management, 258, S15-S23. author-produced version of the final draft post-refeering the original publication is available at http://www.sciencedirect.com / -doi : 10.1016/j.foreco.2009.07.021 hal-00457611, version 1 -17 Feb 2010 190 191 192 193 194 195 196 197 198 test was used instead of a parametric ANOVA. Then, for each type of vegetation, different fire regimes were compared with respect to the cover of vegetation strata and of the fuel structural elements, using a non-parametric Kruskal-Wallis test because of the small number of data in each sample analyzed. The relationship between litter variables was analyzed using regression and the Pearson correlation coefficient. A significant relationship between the variables was assumed when the probability was less than 0.05 (Statgraphics Centurion XV). (ii) Cover of vegetation strata, except for the 1-3 m stratum which did not vary from one type to another. The cover of the lowest stratum (0-1m) increased with a decrease in the canopy cover, unlike the cover of the highest strata which displayed the reverse trend.
Results

-Aboveground vegetation
(iii) Cover of trees, shrubs and vegetation patches which decreased more in more open environments, i.e. in shrublands. The cover of the vegetation layer did not vary from one ecosystem to another.
(iv) Tree density and volume of tree crowns per hectare. The highest values were obtained in Pinus halepensis stands. Fuel characterization and effects of wildfire recurrence on vegetation structure on limestone soils in southeastern France, Forest ecology and management, 258, S15-S23. author-produced version of the final draft post-refeering the original publication is available at http://www.sciencedirect.com/ -doi : 10.1016/j.foreco. The fire regimes entailed the following significant changes in vegetation structure (Tables 3   and 4 (ii) A decrease in strata cover, especially in the case of recent fires (in the 3-6 m and 6-10 m strata), except in the lowest stratum (0-1 m) in which the cover remained constant regardless of the fire regime.
(iii) A decrease in tree cover with fire, while the other types of vegetation remained constant.
(iv) A decrease in tree density and in the volume of tree crowns with fire. The previous results, especially those concerning the impact of vegetation types and fire regimes on the cover of vegetation strata and of fuel structural elements were refined by comparing each fire regime within each vegetation type. These two variables were considered to be the most significant in describing the forest diversity at landscape level.
Thus, in shrublands, there was no variation in the stratum cover according to the fire regime except in the 1-3 m stratum in which the cover was significantly higher (KW=9. 48, p=0.023) in unburned stands or in stands that burned a long time ago (1-2 fires > 15 years ago) than in stands that burned recently after a short interval (1-2 fires ≤15years ago and ≥3 fires <15years ago).
The same trend was found in mixed stands in the upper strata, 3-6 m and 6-10 m (KW=8.06, p=0.018 and KW=5.6, p=0.05). The cover of the highest stratum (>10 m) was significantly higher in unburned stands (40%) than in burned stands (0%) regardless of the number of fires and the interval since the last fire (KW=10.5, p=0.005). There was no variation in the cover of the lower strata (0-1 m and 1-3 m) as a function of the fire regime. In Pinus halepensis stands, the impact of the fire regime on the cover of strata was significant only in the highest stratum (>10m), and there was a marked decrease in cover from unburned stands to burned stands (KW=6.32, p=0.042) ( Table 5 ; Fig. 3 ).
Concerning the fuel structural elements cover, our results showed that, in shrublands, the impact of the fire regime was not significant regardless of the structural element concerned (isolated trees or shrubs, patches, layers). In mixed and pure pine stands, the impact of the fire regime was significant only for tree cover (KW=10.35, p=0.006 for mixed stands and KW=8.44, p=0.014 for pine stands) with a decrease in tree cover from unburned or previously burned stands (> 15 years) to recently burned stands (≤15years) ( Table 5 ; Fig.4 ).
These results showed that, in shrublands, the fire regime did not lead to a variety of vegetation patterns. In both pure pine and mixed stands, the variation in vegetation structure due to fire could involve a variation of landscapes only at tree level. As the sampling was only carried out on 39 study sites, all of which were representative of limestone Provence, this could explain the lack of variation in our results.
Figures 3 and 4 Figure 5 shows the cover of the main species recorded on the study sites according to vegetation types and fire regime. The minimum number of main species was observed in pure pine stands that had never burned (2 species) and in shrublands that had burned repeatedly.
The maximum (4 or 5 species) was observed in the three types that had burned once or twice with a long interval since the last fire (>15 years) and in mixed stands that had burned once or twice with a short interval (≤15 years) since the last fire. An LSD test showed that differences were significant only between shrublands and mixed stands, and between shrublands and Pinus stands for vegetation types. Concerning the fire regime, differences were significant between the oldest fires (0 fire since 1960 and 1 or 2 fires > 15 years) and recent fires (<15 years regardless of the number of fires). There was a significant decrease in litter depth and cover with an increase in the number of fires and with a decrease in the interval since the last fire, especially for shrublands (Fig. 6 ).
There was a moderate positive correlation between litter depth and the cover of the 1-3 m stratum (correlation coefficient=0.53, p=0.02), and the cover of the 6-10 m stratum (correlation coefficient=0.52, p=0.02). The correlation was the same between the cover of the litter and the cover of the 1-3 m stratum (correlation coefficient=0.55, p=0.014). There was no correlation between litter parameters and tree basal area or between litter parameters and tree cover. The results of our study showed that the minimum cover of trees, shrubs and patches was observed in shrublands, early stages in the post-fire succession (Quézel, 1998) , and that coverage increased with stand aging. In the both types of forest, tree cover decreased with a decrease in the time since the last fire (i.e. short time interval since the last fire), as no trees or a few trees were recorded in the case of a recent fire (≥3 fires or 1-2 recent fires and ≤15 years). This was especially true in the case of the cover of the highest stratum (>10 m) in P.
halepensis stands, which were the most mature encountered in the study area. Indeed, several studies have shown that tree cover was the most relevant variable to explain differences in the characteristics of Mediterranean plant communities (Gondelis et al., 2008; Eugenio and Lloret, 2006; Eugenio et al., 2006; Pausas and Lloret, 2007; Kazanis and Arianoutsou, 1996; Clemente et al., 1996) . In these studies, fire intervals ranging from 2 to 10 years negatively affected most ecosystem attributes such as soil organic matter, and led to structural simplification of the vegetation. For example, in Pinus halepensis populations, the percentage of pines decreased while that of shrubs increased. In our study sites, the cover of understorey (shrubs, patches and layers) did not vary significantly between burned and unburned sites regardless of the type of vegetation (Table 5) . Nevertheless, the layer was the main structural element (always more than 40% cover) allowing high horizontal connectivity between fuel beds, regardless of the vegetation type or the fire regime.
Tree cover, tree density and volume were the highest in pure pine stands in which Pinus halepensis had the largest crowns and dbh, but these values decreased with the recurrence of fires. This revealed a loss of resilience of the P. halepensis population with an increase in the number of fires and/or a decrease in the time interval since the last fire (Eugenio et al., 2006) .
In recently burned sites, P. halepensis was dominant only in pure pine stands, but not in mixed stands. Several authors (Bradstock et al., 1997; Pausas, 1999) showed that recurrent fires favoured seeders only if the fire interval enabled plant maturation and production of seeds. Some Pinus trees were present above the shrublands in one plot and in mixed stands. These trees were as high as those in pure pine stands, explaining why tree height did not vary according to the type of vegetation in the study site. Only tree height and layer height decreased in recent fires leading to a decrease in vertical connectivity. This decrease in tree growth also reflected loss of resilience as reported by Eugenio et al (2006) . The height of understorey was lowest in shrublands and highest in mixed stands, which were more open than mature Pinus halepensis stands where the soil is too acidic to allow development of an important understorey (Barbier et al., 2008) . Vertical connectivity was higher in mixed stands than in pure pine stands.
In the study sites, shrublands were mainly composed of Quercus coccifera as was the understorey of P. halepensis stands ( Figure 5 ) regardless of the fire regime. Indeed, this species regenerates after fire by resprouting (Deletti et al., 2005) and has been shown to be very resilient to wildfire (Trabaud, 1990; Canellas and San Miguel, 1991; Papio, 1994) because of its extensive root system (Papatheodorous et al., 1998; Canellas and San Miguel, 2000) . Several authors showed that, after a period of a few years, plant species composition becomes similar to prefire composition, the most efficient being the resprouters, especially in shrublands (Vallejo et al., 1998; Nunez and Raffaele, 2007; Delitti et al., 2005) . Our results also showed that Quercus ilex, another resprouting species, was the main understorey species in both unburned and recently burned plots in mixed stands (up to 73%) while Ulex parviflorus, an obligate seeder, was one of the dominant understorey species in recently burned plots (up to 44%). This result differs from that of Delitti et al. (2005) who found that, on the most frequently burned sites, the cover of herbaceous and sub-shrub species showed a tendency to increase while that of the obligate seeding shrubs (U. parviflorus) decreased with both the frequency of fires and a decrease in the interval since the last fire. According to Clemente et al. (1996) , obligate seeders have different patterns of recovery, some species being more abundant just after a fire (Cistus monspelliensis, Cistus albidus in the recent fires regimes), while others display delayed yet continuous recruitment during post-fire succession (Rosmarinus officinalis after old fires and the control). In the present study, for both fire regimes (old or recent fires), Pinus halepensis remained the main species in pure pine stands.
P. halepensis is a seeder and a serotinuous species that forms a canopy seed bank (Goubitz et al., 2003; Daskalakou and Thanos, 1996; ) . Post-fire regeneration of the species relies exclusively on the canopy seed bank, due both to the transient nature of the soil seed bank and to the destruction by fire of all seeds on or near the soil surface (Habrouk et al., 1999; Izhaki et al., 2000; Núñez and Calvo, 2000) .
Relationships between fuel accumulation and wildfire activity have been reported in Europe by Rego (1991) . The management of the wildfire risk involves the control of the understorey growth, generally by clear-cutting or prescribed burning. The latter is generally used at wide scale even if the fuel accumulation rate frequently limits prescribed burning effectiveness to a short post-treatment period according to Fernandes and Botelho (2003) . Ganteaume A., Jappiot M. Lampin-Maillet C., Curt T. and Borgniet L. (2009) Fuel characterization and effects of wildfire recurrence on vegetation structure on limestone soils in southeastern France, Forest ecology and management, 258, S15-S23. author-produced version of the final draft post-refeering the original publication is available at http://www.sciencedirect.com / -doi : 10.1016/j.foreco.2009.07.021 Ganteaume A., Jappiot M. Lampin-Maillet C., Curt T. and Borgniet L. (2009) Fuel characterization and effects of wildfire recurrence on vegetation structure on limestone soils in southeastern France, Forest ecology and management, 258, S15-S23. author-produced version of the final draft post-refeering the original publication is available at http://www.sciencedirect.com/ -doi : 10.1016/j.foreco.2009.07.021
